Introduction
Graphene is now the most fascinating nano-carbon material, which has higher carrier mobility compared with silicon and has an availability to control its electronic properties, such as bandgap and Fermi level. 1) Especially, the number of graphene layers is important for a making full use of the properties. To obtain homogeneous graphene with higher quality in larger area, the epitaxial growth on 4H/6H-SiC(0001) surfaces has been attempted simply by silicon sublimation under vacuum or argon pressure conditions. [2] [3] [4] In this method, it is known that the quality of the epitaxial graphene directly depends on the morphologies of the initial SiC surfaces. Thus, as a surface planarization treatment of the initial SiC surfaces, hydrogen etching is conventionally utilized before the epitaxial graphene growth. 5, 6) It leads to step-terrace structures which reflect substrate off-angles from (0001) basal plane and stacking periodicities of 4H/6H-SiC.
From the step-terrace structures at 4H/6H-SiC(0001) substrates, epitaxial graphene growth has been investigated to reveal the growth mechanism by numerous researchers. Under ultrahigh vacuum (UHV), transitions of surface reconstructions at 4H-SiC(0001) are observed with increasing temperature. Before the formation of a first graphene layer, a C-rich (6 ffiffi ffi 3 p Â 6 ffiffi ffi 3 p ) R30 reconstructed layer appears at about 1100 C in UHV and subsequently it works as an interfacial buffer layer which is bonding between graphene and SiC. 7) This buffer layer is considered to be a sufficient strong covering layer which inhibits further silicon sublimation from under the SiC. As a common view, the initial growth of epitaxial graphene from the step-terrace structures at SiC(0001) substrates tends to advance preferentially at step edges. [8] [9] [10] It means that step edge at SiC surface is the most instable point to thermally decompose. As a result of the growth feature, inhomogeneous surface morphologies have been observed after the growth, such as enlarged deep pits 11) and residual SiC finger like structures. 8, 12) For this reason, an achievement of uniform 1 ML graphene growth is recognized to be difficult due to the existence of steps with a certain density even at surfaces of normally on-axis (0001) substrates. In fact, the epitaxial graphene growth at 4H-SiC(0001) tends to saturate at least 2-3 ML due to a structural imperfection of the 1st graphene layer derived from the preferential growth at step edges. Although it is possible to improve the uniformity of graphene layer by longer surface diffusion length of carbon in higher temperature growth, the tendency to saturate 2-3 ML has been confirmed even in the excess of 2000 C (from our previous report). 13) To avoid the growth instability caused by step edges described above, a SiC step-free surface is suggested as an extreme template for epitaxial graphene growth. By SiC step-flow epitaxy at the top surface of a mesa structure on SiC substrates, the formation of the SiC step-free surface have been attempted. 14) But in this case, there is a possibility that the surface is subjected to erosion by steps originated from the side wall of the mesa structure in the graphene growth. Another method to fabricate the step-free surface is an etching of invertedmesa structures. It was reported that step-free surfaces formed at the bottom surface of a crater structure on Si(111) substrates by thermal etching, 15) however, there is no such attempt for SiC even more utilizing for a template of graphene growth. Therefore, it is important to investigate the growth dynamics of epitaxial graphene on the SiC(0001) substrate which has step-free surfaces at bottoms of invertedmesa structures.
In this study, the epitaxial graphene growth was examined by surface graphitization at step-free regions which were intentionally inserted at 4H-SiC(0001) substrates. To obtain step-free basal plane (0001) regions at the 4H-SiC surface, inverted-mesa structures were introduced at the surfaces. A stability of SiC basal plane (0001) in the epitaxial graphene growth was discussed with the growth temperatures.
Experimental Methods
4H-SiC(0001) normally on-axis (<0:2 off) substrates and 4 off towards h11 20i substrates were used for this study. All experiments for graphene growth at step-free 4H-SiC (0001) surfaces were performed by heating the substrates in a TaC container. An all metal chamber with radiative heating system was utilized for whole annealing process including Si-vapor etching for fabrication of SiC step-free surfaces and surface graphitization for graphene growth. This experimental setup has the capability to elevate temperature from a degassed temperature 800 C to targeting temperatures (<2300 C) within a minute in UHV. The Si-vapor etching is an original technique to planarize and create uniform stepterrace structures overall a 4H-SiC surface by annealing in the TaC container with semi-closed configuration which generates silicon ambient pressure inside the container. 13) Intentionally inserted step-free basal plane (0001) regions at 4H-SiC surface were obtained by a combined process which consists of a direct laser digging and the Si-vapor etching. During the etching, the etching reaction of SiC basically occurs along the step edges at the surface. Therefore, at bottoms of inverted-mesa structures which are fabricated by the direct laser digging, SiC step-free basal plane (0001) regions are able to be enlarged by sweeping out the steps during the etching (see Fig. 1 ). Then, the 4H-SiC(0001) surface with intentionally inserted step-free regions was utilized as a template for graphene growth. The process of graphene growth was performed by simply opening the TaC container in vacuum environment (the base pressure: $10 À9 Torr). The process of the Si-vapor etching was 1900 C for 8 h and the graphitization processes were 1600 or 1900 C for 30 min. Results were characterized by Raman spectroscopy (excitation line: 632.8 nm, spatial resolution: 400 nm), atomic force microscopy (AFM), and low acceleration voltage (0.1-1.0 kV) scanning electron microscopy (SEM). Figure 2 shows an example of inverted-mesa structures at the 4H-SiC(0001) with a step-free basal plane (0001) region as a template for graphene growth. By employing the Sivapor etching for sufficient time, the SiC step-free basal plane (0001) region covered the bottom of the inverted-mesa structure and stable facets reflecting hexagonal crystalline orientation of 4H-SiC appeared at side wall surfaces of the inverted-mesa structure. The depth of the inverted-mesa structure was about 10 m and there is not any SiC steps confirmed by AFM measurements at the bottom surface of the inverted-mesa structure [see Fig. 2(b) ]. In addition, a difference in height between the bottom SiC step-free surface of the inverted-mesa structure and a background SiC surface decreases with extending time of the Si-vapor etching. It indicates that the etching reaction is inhibited at the bottom surface of the inverted-mesa structure once SiC step-free basal plane covered the surface, while a constant etching reaction continues at the background SiC surface.
Results and Discussion
After the graphitization anneal at 1600 C for 30 min, a formation of pits was observed at the step-free region by AFM measurement as shown in Fig. 3(a) . It suggests that even 4H-SiC(0001) surface without step edges thermally decomposes at 1600 C in vacuum. Raman spectrum also indicates a formation of a graphitic material at the graphitized step-free surface by an appearance of the peaks of D at $1350 cm À1 , G at $1600 cm À1 , and 2D at $2670 cm
À1
in Fig. 3(b) . Peaks at $1520 and $1700 cm À1 are derived from the bulk 4H-SiC(0001) substrate. Here, there was not any noteworthy difference at the step-free regions between the normally on-axis substrate and the 4 off substrate. Thus, three regions were compared from the stand point of an in-plane step density at each surface. While D peak related with defects in graphene layer is observed even at the stepfree graphitized surface, the highest intensity of D peak was obtained from the graphitized 4 off step-terrace surface. It suggests that step edges existing at initial SiC surfaces interrupt a continuous graphene growth. In the Raman spectrum of the G peak from the graphitized step-free surface, small upshifts are observed compared to the exfoliated 1 ML graphene whose the G peak is at 1585 cm
(not shown). It indicates that graphene grown at the SiC step-free surface is under compressive stress. [16] [17] [18] However, there is not much difference in the G peak shifts between the graphitized step-free surface and the graphitized step-terrace surfaces. In terms of the 2D peak, it is known that there is a relationship between the number of graphene layers and 2D full width half maximum (FWHM). 19, 20) Basically, narrower 2D FWHM corresponds to thinner graphene. From the literature reported by Lee et al. 19 ) the number of graphene layers at the graphitized step-free surface is able to be estimated to be about 1 ML. To reveal the uniformity of the number of graphene layers spatially, these three regions were compared in Raman mapping of 2D FWHM, as shown in Fig. 4 . Obviously, the surface with higher step density has broader 2D FWHM. In particular, broader 2D FWHM regions seem to be lined up along the original SiC steps at the on-axis background surface [see Fig. 4(b) ]. It is interpreted that a multilayer graphene is easy to be grown at SiC surfaces with higher step density, due to the preferential growth at SiC step edges. Therefore, while the formation of pits was observed at the SiC step-free region by the graphitization at 1600 C, the thermal stability of the SiC basal plane (0001) clearly inhibits the graphene growth in contrast to the SiC surfaces with steps. In the graphene growth at the SiC surface with steps, it is considered that the SiC step edge works as a site to produce a next graphene layer at the grown graphene/SiC interface. On the other hand, it is considered that the graphene growth at the SiC step-free surface saturates about 1 ML as shown in Fig. 5 . Even if the grown graphene layers connected across steps, the graphene growth proceeds under the grown layers due to the existence of SiC step edges at the graphene/SiC interface.
To examine an effect of the graphitization temperature on the graphene growth at the SiC step-free surface, a similar experiment was performed on the 4H-SiC(0001) with stepfree regions at 1900 C for 30 min. As a result, graphene growth more than 2 ML has proceeded even at the SiC stepfree region by the Raman characterization. As the most instable point to thermally decompose at the SiC step-free surface, the circumferential region next to the surrounding side wall was deeply etched by silicon sublimation, as shown in Fig. 6 . It is also confirmed that the graphitized surface has facets corresponding to f1 10ng edge planes of the underlying SiC crystal. This indicates that the underlying SiC decomposes with forming facets at the graphene/SiC interface. Figure 7 shows various images of the step-free surface graphitized at 1900 C for 30 min. Although the suppression of graphene growth at SiC step-free surfaces was observed, multilayer graphene was inhomogeneously grown at the SiC step-free surface. Note that the AFM topographic image (a) and the phase image (b) were obtained from the identical area, but the others were not from the identical area. From the comparison with (a) and (b), the lower regions in the topographic image correspond to the brighter regions in the phase image. The lower regions are considered to be enlarged by silicon sublimation from pits inhomogeneously distributed at the surface. The region with a similar spatial distribution was observed in low energy SEM image (c). In addition, its contrast does not originate mainly from the morphology, but also is rather similar to the phase contrast in (b). This can be attributed to a sensitivity of a compositional difference in the low energy SEM image. Of course, an effect of hydrocarbon contamination appeared in the SEM image during the observation, but an inversion of SEM contrast was not recognized. Thus, the difference in SEM contrast is considered to be intrinsic difference of grown graphene such as thickness. In fact, there is a report that the SEM contrast of exfoliated graphene on SiO 2 has a dependence on the number of layers. 21) Especially, in the literature, the difference in contrast is pronounced at the acceleration voltage below 3 kV and darker contrast corresponds to thicker graphene. In the Raman mapping image (d), the regions with broad 2D FWHM (>70 cm À1 ) are also observed with the similar spatial distribution. So, these regions are interpreted to be where multilayer graphene has grown and be corresponding to the enlarged pit regions seen in Fig. 6(a) . Therefore, in high temperature graphitization at 1900 C, it is suggested that the epitaxial graphene growth is advanced by enlarging pits inhomogeneously formed at the SiC basal plane. In other words, SiC steps where the graphene growth advances were produced by the development and enlargement of pits.
Conclusions
To summarize this study, the epitaxial graphene growth at step-free surface on 4H-SiC(0001) substrates was attempted to observe a new growth mechanism which does not depend on the step edge instability of SiC. As a tendency of the graphene growth at the SiC step-free surface, a thermal stability of the SiC basal plane (0001) suppresses the graphene growth in the depth direction. In the case of the graphitization at 1600 C, the graphene growth was suppressed about 1 ML at the SiC step-free surface in contrast to multilayer graphene growth more than 2 ML at the background SiC step-terrace surface by Raman characterization. On the other hand, by the graphitization at 1900 C, the multilayer graphene growth was observed even at the SiC step-free surface. In this high temperature range, the graphene growth advances from the pits inhomogeneously formed and enlarged at the surface. 
